In this paper, we have completed a case study of using VSP seismic data to improve surface seismic resolution. The P-and S-wave velocities are computed from the recorded three component (3C) VSP, from which other elastic parameters such as bulk modulus (K), Poisson's ratio (σ) are calculated. Using the down-going wavefield separated from the borehole VSP records, we obtain the Q model using the spectral ratio method. We then apply inverse Q filtering to a surface seismic dataset across the borehole using a stable inverse Q filtering method to improve the resolution of the surface seismic dataset. Correlating the corridor-stacked VSP seismic traces to the seismic section before and after inverse Q filtering shows that the resolution of the surface seismic data and the matching of seismic events between the surface data and the VSP corridor stack are both significantly improved after the application of the VSP-derived inverse Q filtering.
Introduction
Due to absorption and attenuation, the seismic energy in surface seismic data decreases sharply with depth, and the seismic wavelet is often distorted for deep reflections, that is, the wavelet shows smaller amplitudes and longer duration which reduces the resolution of the surface seismic data. The aim of the inverse Q filtering is to compensate for this energy loss, correct for the wavelet distortion, shorten the wavelet duration, and produce a seismic image with higher resolution. For inverse Q filtering, the estimation of the Q value is a critical step that requires high quality seismic data. Reliable Q values may be estimated from multi-component seismic data (Chen and Wang, 2008) . Here we estimate the Q values from borehole VSP data, and use these values to perform inverse Q filtering to the surface seismic data across the borehole to improve the resolution of the surface seismic data. The stable inverse Q filtering method proposed by Wang (2006) is used in this study.
Since VSP seismic data often have higher quality and resolution than surface seismic data, we can obtain a reliable and accurate Q model using the recorded down-going first arrival in the VSP data for every depth point. The spectral ratio method for Q estimation is particularly suitable for VSP seismic data (Claerbout, 1996) . Furthermore, the VSP dataset is acquired using three-component receivers, and we can also obtain the P-and S-wave velocities, as well as other elastic parameters, such as bulk modulus (K), and Poisson's ratio (σ).
Methods
We first discuss the spectral ratio method for estimating Q value using the down-going waves in the VSP dataset, and we then present the stable inverse Q filtering method.
For the spectral ratio method, Let us consider an earth model with a constant Q value, and the amplitude spectra of the recorded down-going wave can be written as
where A 0 is the reference amplitude and A Z is the amplitude of the down-going wave at depth Z. The depth and travel time of the down-going wave are known. The Q values can then be estimated by the spectral ratio method based on least squares fitting with frequency. Assuming that another arrival is recorded at depth Z 1 with a spectrum of
and combing equations (1) and (2) give,
The spectral ration method is simple in principle and very stable for estimating Q values from VSP data without overlapping wavelets.
For the stable inverse Q filtering method, Let us consider the earth Q model as a 1D function ( ) Q τ varying with traveltime. Performing wavefield downward continuation using 1D one-way wave equation from the surface 0 τ = to the depth-time levelτ , we can write the wavefield as
where ) β τ ω σ τ ω β τ ω σ
and
where 2 σ is the stabilization factor. Equation (4) is the basis for an inverse Q filter in which downward continuation is performed on all plane waves in the frequency domain. Finally, we sum these plane waves to produce the time-domain seismic signal,
Real data application
The dataset consists of a borehole zero-offset VSP and a P-wave seismic survey line that intersects the borehole. The zero offset VSP seismic dataset is recorded by three component (3C) receivers. Figure  1a shows the vertical component of the original VSP record, and Figure 1b shows the corresponding processed corridor stacked seismic traces. As shown in Figure 1a , the red line marks the P-wave first arrival, and the blue line marks the S-wave first arrival. For display purpose, the corridor stacked trace in Figure 1b is repeated five times.
After wavefield separation, we select the down going P-and S-wave first arrivals for parameter estimation to be used for surface seismic data processing. We first calculate the P-and S-wave velocities (Vp and Vs), and the derived elastic parameters, such as bulk modulus (K) and Poisson's ratio. We then focus on the down-going P-wave arrival for Q estimation. Figures 2a and 2b show the aligned P-wave first arrival and the corresponding amplitude spectra, respectively. Equation (3) is applied to the data in Figure 3b to estimate the Q-model. Figure 3 shows the results obtained from these procedures. Figure 3a shows the calculated Vp/Vs velocity ratio; Figure 3b , the bulk modulus; Figure 3c , the Poisson's ratio; and Figure 3d , the Q-model. The Vp/Vs ratio is about 4.0 at the near surface, gradually decreases as depth increases, and converges to 2.0 beyond the depth of 1000m (Figure 3a) . The bulk modulus increases with depth (Figure 3b) , whilst the Poisson's ratio decreases with depth, a similar trend to the Vp/Vs ratio variation. 
(a) the Vp/Vs ratio; (b) the bulk modulus (K); (c) the Poisson's ratio(σ) and (d) the interval Q values.
The estimated interval Q values show an increasing trend with depth ( Figure 3d) , with the maximum value about 100, which indicates that there is a significant amount of seismic attenuation and absorption. We used the stabilized inverse Q filtering method to compensate for the surface seismic section across the VSP acquisition well. 
Conclusions
We have presented a case study of improving surface seismic resolution using a Q model estimated from multi-component VSP data. The spectral ratio method is used to estimate the Q model from the down-going P-wave first arrival in the borehole VSP data. A stable inverse Q filtering method is employed to apply the Q model to the surface data across the borehole, which led to a significant improvement in resolution. The enhanced resolution of the surface seismic data enables us to match the VSP results better, improving the well ties for seismic inversion and reservoir characterization.
